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ABSTRACT 

Rotating t o t a l  and s t a t i c  pressure probes were used t o  obtain 

the  circumferential variation of the  discharge pressure produced by 

an axial flow inducer, 

measurements were compared with t h e  s t a t i c  and t o t a l  pressure measure- 

ments obtained by stationary pressure probes located a t  the  same 

axial and radial s ta t ion  a s  t he  rotat ing probes, 

charge flow f i e l d  considered i n  t h i s  investigation both the  pressure 

and t h e  direct ion of the  discharge flow were varying and the  pressure 

fluctuations were s m a l l  compared t o  the time average values. 

inducer discharge velocity t r iangles  derived from the  rotat ing and 

stat ionary probe measurements were compared. 

The spacial average values of these pressure 

For the inducer dis-  

The 

It was found tha t  the stationary s t a t i c  pressure probe recorded 

a pressure la rger  than the time average value and t h a t  t h e  e r ro r  

between t h e  t o t a l  pressure recorded by t h e  s ta t ionary probe and t h e  

t i m e  average t o t a l  pressure was small, 

Also a theoret ical  discussion of the various e r rors  and corrections 

involved i n  such pressure measurements is presented. 
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I. INTRODUCTION 

Statement of the  Problem 

Conventional pressure probes have often been used t o  survey the  

fluctuating flow Meld behind rotating blade rows i n  turbomachinery, 

An a t t m p t  has been made i n  this thes i s  t o  investigate both analyt ical ly  

and exper4mentally the e r rors  involved i n  such pressure measurements 

under conditions where the  blade boundary l ayers  extend over a .major 

portion i f  not the en t i r e  cross  section between t h e  blades. It i s  not 

known what a stationary probe connected t o  a manometer wu ld  read under 

these conditions, 

measure the difference between the time average of t h e  hpu t  pressure 

The purpose of this study i s  t o  estimate and 

variation, obtained by a rotatfng probe system, and the  pressure ,ob- 

tained by a s ta t ionary probe, 

Both t h e  s t a t i c  and stagnation pressure variation i n  the circum- 

ferential direction were obtained by means of a rotat ing probe system, 

The spacial  average across one blade passage was then compared and 

correlated with the r e d t s  obts$fled from stationary s t a t i c  and t o t a l  
- 

pressure probes located at the same station. 

Oriffin and Importance of the  Studz 

Basic f lu id  mechanic research on a model inducer, used t o  increase 

t h e  suction specific speed of centppfigal fmpellers fo r  missiles andl 

rocket engines, is being conducted at  this University, 

t ha t  inducers, l f k e  mast turbomacbery, produce a fluctuating pressure 

and t h a t  t he  direct ion of t he  discharge flow varies across t h e  bla(i-: 

passage. 

It i s  known 

The or igin of  this study was t he  desire  t o  in te rpre t  the 
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meaning of the pressure measurements obtained with a stationary probe 

behind the  rotat ing inducer blade row and t o  determine the r e l a t ive  

velocity distribukion betwen the blades at  the  h d u c e r  discharge. 

description of the  inducer and the  s t a t i c  and t o t a l  pressure probe 

employed i n  this investigation is gfven i n  the Egures  1 - 8, 

A 

The interpretat ion of pressure measurements carried out i n  a 

flow field which has a fluctuating pressure and varying flow direct ion 

i s  known t o  be important in turlxmnaehinery research. Other exanples 

where probes are exposed t o  fluctuating pressure dea l  with obtaining 

the  inlet  and exhaust pressure for reciprocating engines and i n  

measuring the pressure i n  a variety of pipe l i n e  s i tuat ions encountered 

i n  indus t r ia l  applications. 

Prepious Related Studies 

A caref'ul inspection of the existing l i t e r a t u r e  has revealed 

t h a t  a considerable amount o f  work has been directed t o d s  the  

e r ro r s  associated with pressure measurements i n  a fluctuating f low 

f ie ld ,  

been t o  i so l a t e  and study a particular source of e r roro  

The procedure followed in most of the past  investigations has 

The discharge f l o w  field fop most turbomachinery i s  one area 

where several e r ror  producing effects  simultaneously exist, 

dealing with the combined effect  of t he  various e r ro r  producing 

e f f ec t s  i s  meagerp par t icular lyunder  conditions where the t o t a l  

head varies across the en t i re  blade passage, 

Literature 

I n  the theoret ical  discassxion o f  t h i s  thesis ,  the  various B P P D O ~  

pmclucing effects have been described and a c f i t i ca l  prese.rta-ki.cm of 
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the pertinent existing literature has been given. 

modifications of the previous work and the development of new material 

has also been included in order to complete the theoretical discussion 

for the particular model being considered, 

The necessary 
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I1 . THEORXTICAI, D I  ScUSSt ON 

Introduction and Discussion 

I n  this chapter attempts are made t o  describe and predict  the 

various error  producing effects associated with s t a t i c  and t o t a l  

pressure measurements obtained from both rotat ing and stationary 

pressure probes, 

s tudies  t o  this part icular  investigation a re  also given. 

e r ro r  producing effects  considered i n  t h e  investigation are as 

follows: (1) variation i n  flow direct ion,  (2) turbulence, (3) shear 

f l o w  ef fec ts ,  (4) 

through the  connecting tuhing, and (5) 

fluctuating pressure, 

Methods of applying t h e  results f r o m  previous 

The f ive  

al terat ion of the pressure waves which propagate 

manometer response t o  a 

Errors i n  Stationary Probe Pressure Measurements 

Error Due t o  Variations i n  Flow Direction 

I n  t h e  absence of secondary f low and direct ional  change due t o  

t u r b l e n c e ,  any deviation i n  the discharge flow direct ion from tha t  

of the main stream direction occurs inside t h e  blade wake. As seen 

by a s ta t ionaly probe, both the  pressure and direction of the  oncoming 

flow are varying. 

t h i s  direct ional ly  varying flow,the measurements may be i n  error.  

This i s  par t icular ly  t rue f o r  the inducer since long blade passages 

and the associated fluid f r i c t i o n a l  e f f ec t s  produce a blade wake 

which i s  a major portion of the  discharge f low field.  

When a s t a t i c  o r  t o t a l  pressure probe i s  placed in 

I n  practice t h e  usual procedure i s  t o  align t h e  probe in the  

discharge direct ion of t h e  absolute main flow. As the  wake sweeps 
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past  t h e  probe, t h e  flow i n  the  wake is a t  an angle of attack ( A  ) 
with respect t o  t h e  probe axis, The extent t o  which t h e  flow angle 

var ies  inside the  wake dic ta tes  t h e  probe errore  

The s t a t i c  pressure probe must be aligned in the  direction of 

the flow (with t h e  s t a t i c  holes normal t o  the  flow direction) i n  order 

t o  record t h e  true s t a t i c  pressure. 

an angle of attack ( 

par t  of t h e  dynamic component of the pressure i n  addition t o  t h e  true 

When t h e  e s  of the probe i s  a t  

) t o  the  f l o w  direct ion,  the  probe picks up a 

s t a t i c  pressure. The difference between the  probe reading and the  t r u e  

s t a t i c  pressure arises fp.am t h e  impact of t h e  transverse component 

o f  velocity on t h e  probe and i t s  holes. The probe e r ror  depends upon 

the design of t he  probe, especially on t h e  number, sfee and arrange- 

ment of the s t a t i c  holes, and on the magnitude and frequency of t h e  

cross  component of velocity, A calibration curve 

simple method fo r  obtaining an estimate of the s t a t i c  pressure probe error 

if the  m a x i m u m  f low deviation i s  known. 

For the t o t a l  pressure probe, i f  the maximum angle of attack 

( h ) 
sens i t iv i ty  angle, then t h e  effect  of the varying f low may be neglected, 

The sens i t i v i ty  angle is defined as the  angle of attack a t  which the  

t o t a l  pressure e r ror  reaches a value of one per cent of the t rue  

of t h e  o n c d n g  flow is l e s s  than the  spec i fhd  p ~ o b e  

t o t a l  pressure. For angles of attack greater than t h e  sensit%vity 

a ig le ,  It i s  necessary again t o  construct a cal ibrat ion curve 



6 

I -  

L 

f o r  the par t icular  probe i n  order t o  obtain an estimate of t he  t o t a l  

pressure probe e r ror  i f  the maxfmum f l o w  deviation i s  known. 

For a known pressure gradient and ideal ,  po ten t ia l  veloci ty  

d is t r ibu t ion ,  t he  Truckenbrolt (1) method can be used t o  calculate  

t h e  turbulent boundarylayer prof i le  along the blade. 

angles .inside the  wake a t  the  blade t r a i l i n g  edge can be obtained 

graphically, 

t h e  flow angles inside the  wake can be obtained using the  analysis 

presented by Lakshminarayana and Horlock (2)- 

The m e a n  f l o w  

FOP a given distance downstream of the  t r a i l i n g  edge, 

Error Ilae t o  Turbulence 

I n  turbulent flow the  conventional s t a t i c  pressure probe registers 

a l a rge r  reading than t h e  true average s t a t i c  pressure. 

due t o  the impact pressure of the transverse fluctuating components 

of t h e  turbulent velocity, For a s t a t i c  pressure probe, aligned in 

the  direction of the mean flowp Goldstein (3) gives the  relat ionship 

between the measured pressure (P,) and the  time average s t a t i c  pres- 

sure (Fs> as follows: 

T h i s  e r ror  i s  

where va and us are t h e  turbulent f luctuating veloci ty  components 

and ks i s  a numerical factor  which has a character is t ic  value f o r  



t he  par t icular  s t a t i c  pressure probes i n  turbulent f l o w ,  

has conducted a series of experiments in order t o  obtain a numerical 

Fage (4) 

value for  k,, 

t h a t  k, = 0.25 for f'ully developed turbulent flow, 

fully developed t u r h l e n t  flowp the  expression f o r  the measurements 

The r e su l t s  obtained from Fageus eqertments  indicate  

I n  t h e  case of 

obtained from a s t a t i c  ppesslpre probe and the t rue  average s t a t i c  

pressure can be written as followss 

- -  
a a  For isotropfc tur,ulent flow vo = w1 and the measured pressure exceeds 

the true pressure by ic Te 
A rotat ing wedge probe was used t o  determine the  circumferential 

s t a t i c  pressure distpflmtion across one of the  four blade passages, 

The influence of t u r h l e n c e  upon the measured pressure (P,) is shown 

as follows: 

where VI is  the  tu 'onlent  velocity component normal t o  the  wedge face 

and ks is a numerical factor which mst be determined expertbentally 

for the par t icu lar  d g e  probe. 

I n  a theoret ical  study, Goldstein found t h a t  t he  to td l  pressure 

probe measures t h e  stagnation pressape of the t o t a l  velocity vector, 

H i s  analysis was based on t h e  assumption t h a t  the  f ronta l  part of the 

pmbe might be considered as a stagnation point. A t o t a l  pressure 



a 
probe aligned i n  the direction of t he  mean f low would read as the 

following : 

- 
where u i s  the mean velocity o f  the flow pa ra l l e l  t o  the  probe 

ax is  and u t ,  v t  and w) are the turbulent velocity components. 

isotropic  turbulent flow u t  

For - -- - 
= v t 2  = w t 2  and the  pressure reading 

would be as follows: 

The hot-wire anemameter may be used t o  determine the  turhlent  velocity 

component S. 

The problem of  measuring the turbulence level i n  turbomachinery 

becomes even more complex since t h e  discharge flow i s  composed of a 

periodic fluctuating velocity due t o  the  blade wake i n  addition t o  

aperiodic turbulence component. I n  order t o  determine the turbulence 

l eve l ,  it becomes necessary t o  use a rotat ing hot-wire inside the blade 

passage and carry out a traverse across the blade passage t o  obtain 

the  variation of the turbulence intensi ty  across the passage. 

Error Due t o  the  Influence of the  Connecting Tubing 

The a l te ra t ion  of the pressure waves which propagate through the 

connecting tubing between the  pressure probe and the  manometer i s  due 

t o  the following: (1) variation i n  propagation velocity with 
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fluctuating pressure; (2) wave attenuation due to  viscosity and wall 

f r ic t ion:  and (3) wave ref lect ion a t  both ends of t h e  connecting 

tubing. For the  inducer considered i n  this investigation the discharge 

pressure fluctuations were smal l  compared t o  t h e  time average pressures 
A P  
P 

(madmum T = 0.0002) and t h e  e f f ec t s  of the connecting tubing 

mentioned a h v e  were neglected. 

Manometer Response 

The dynamic response of a manometer t o  an input pressure which 

var ies  with time will be considered next. I n  the  manometer tube the  

i n e r t i a  and viscosi ty  of air may be considered negligible compared d t h  

the  manometer l iquid.  If t h e  manometer l iquid i s  considered as a 

free body the primary forces which ac t  upon it are a s  follows: 

(1) The gravity force (weight) of the manmeter l iquido 

(2) The f r i c t ion  force at  the  in te r face  between the l i qu id  
and the  wall of the tube. 

(3) The pressure d i f fe ren t ia l  acting upon the  two ends of 
t h e  manometer liquid. 

(4) The acceleration force o f  t he  fluctuating manometer 
l iquid.  

One l e g  of t h e  micromanometer used i n  this investigation contained 

a f lu id  reservoir which was exposed t o  t h e  fluctuating pressure. The 

other  l e g  was a tube of mall diameter and was exposed t o  the atanos- 

phere, The displacement of the fluctuating manometer f lu id  was measured 

i n  this tube. Therefore, any small pressure d i f f e ren t i a l  would a f fec t  

the  l iqu id  height i n  the tube and any change i n  the reservoir height 

was negligibly small, With this i n  mind, t h e  gravity force and t h e  

f lu id  f r i c t ion  due t o  t h e  fluctuating column of t h e  manometer l i qu id  

can be considered negligible fo r  the manometer reservoir f luid.  
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For laminap liquid flaw i n  the manometer tuhing, t he  wall shear- 

ing stress (?) can be expressed i n  terms of t h e  average velocity 

(%I) across t h e  pipe section as follows: 

where R i s  t h e  radius of t h e  tuhing containing the  manometer fluid.  

hsed on the kinet ic  energy of steady laminar f l o w 9  the  effect ive 

mass of the  moving l iqu id  i s  considered t o  be four-thirds of i t s  actual 

mass. 

the  ver t ica l  height of t h e  f l u i d  fluctuation X I  about t h e  displacement 

corresponding t o  the time average of the input pressure, can be ex- 

pressed as follows: 

Applying Newton's second law t o  t he  manometer as a free body, 

where p ( t ) '  i s  the pressure fluctuation about the  time average input 

pressure acting on the  f lu id  fisfi.de t h e  reservoirp Ro is the  ~ a d f u s  

of  t h e  cylindrical  reservoir, R is the  radius of t he  tubing containing 

the manometer f lu id ,  3' i s  t h e  fluid specific weight of the  manometer 

f lu id ,  A i s  t h e  viscosity of  the manometer f lu id ,  and L i s  the  t o t a l  

length of the fluid column corresponding to the  t i m e  average pressure. 

The four terms i n  t h e  above expression correspond t o  the  pressure 

force,  gravity force WctLon force and i n e r t i a  force respectively. 

Upon rewranging, the above expression takes on the  form as follows: 
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A similar  second order l i n e a r  d i f f e ren t i a l  equation was derived by 

Doebeune (5) f o r  a simple U - tube configuration. 

The general solution t o  the above second order l i n e a r  d i f f e ren t i a l  

equation i s  composed of a complementary solution plus a par t icular  

solution. 

t he  nature of the  roots of the quadratic equation obtained by writing 

the  d i f fe ren t ia l  equation i n  operator form, 

equation are as follows: 

The exact form of the complementary solution depends upon 

The roots  of the  quadratic 

- -3& + 
@ - -  r R  

For the case of supercr i t ical  damping, (w)” 2 =$f- 

and both 

of the  complementary solution i s  as follows: 

and Q> are real and negative and the  general form 

Et @t xl = c, e +c,e 

where c1 and c2 are constants and depend upon t h e  i n i t i a l  conditions. 
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Both exponential terms are  negative and vanish as time t becomes la rge  

I -  
I 

1 -  

and as a r e s u l t  the complementary solution vanishes for  the case of 

supercr i t ic  al damping. 

For the case of c r i t i c a l  damping, 4L and 

the  solution of the quadratic equation i s  single valued and is equal 

t o  - ?#’ . The general form of the  camnplementary solution 

i s  as follows: X: = est [ c, + c a t l  where X= - 3 B  , 

and c1 and c2 are constants and depend upon the i n i t i a l  conditions. 

For increasing t i m e  ( t ) ,  est approaches zero f a s t e r  than c,t ap- 

proaches in f in i ty  

c r i t i c a l  damping 

For the case 

and 9 a re  

L. 

and t h e  complementary solution f o r  the case of 

vanishes. 

of subcri t ical  damping, ( SLz ,, R )”< and both 

complete roots with negative real parts. After some 

rearranging the general form of the  complementary solution i s  as fol- 

lows : 

where 3 
cos i ty  which t h e  f lu id  must have for  c r i t i c a l  damping, 

and b represents the damped circular frequency and i s  equal t o  

i s  the r a t i o  of t h e  manometer f lu id  v iscos i ty  t o  t h a t  vis- 

y =  ,/- , 

. c and 8 are constants and must be determined 
-3K-t 

, represents by i n i t i a l  conditions. 

a decaying amplitude fo r  the  trigonometric function s in(b t + 8 ). 

J r n  1 
The first par t ,  c1 e 

Thus, t h e  motion i s  osc i l la tory  ?at with an amplitude which reduces 

with time. The above analysis has shown t h a t  the three  possible com- 



13 

plementary solutions are transient and i n  t i m e  will vanish. The 

solution of the d i f fe ren t ia l  equation fo r  the manometer fluctuation i s  

essent ia l ly  the par t icular  solution and w i l l  be discussed next. 

I n  order t o  determine the general form of the par t icular  solution 

t o  the second order l i nea r  d i f f e ren t i a l  equation which governs the  

manometer fluctuation, the nature of the fluctuating input pressure 

t o  the manometer must be known, Generally speaking this input function 

mst be determined experimentally since i n  practice the  pressure 

fluctuation t o  which the pressure probe i s  exposed i s  usually not 

known. 

and presently i t s  influence upon the pressure waves are not campletely 

The influence of the connecting tubing i s  qui te  complicated 

understood. 

manmeter mast be obtained by experimentally determining the pressure 

For these reasons t h e  input pressure fluctuation t o  the  

fluctuation a t  the  end of the connecting tubing. 

transducer* has a very high natural  fhquency and l i t t l e  damping and 

should be adequate f o r  obtaining the form of the pressure fluctuation 

The piezoelectric 

a t  t he  end of the connecting tubing, 

For the inducer test model considered i n  this investigation the  

t o t a l  pressure fluctuation was the la rges t  f o r  the Uade t i p  section. 

The t o t a l  pressure variation i s  shown i n  figure 9 and should have the  

greatest  influence upon t h e  manometer response. 

an estimation of t h e  manometer response t o  this pressure fluctuation 

I n  order t o  obtain 

the pressure variation may be represented by a sine wave. It, there- 

fore,  becomes meaningful t o  investigate the par t icular  solution of 

An attempt t o  do t h i s  was unsuccessful since the  output pressure 
d i f f e ren t i a l  was very small (one mil l ivol t )  i n  the case of the inducer 
and the  instrument noise prevented meaningful measurements of t he  
pressure wave fonn. 

* 
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the differential .  equation when the input  pressure acting on the 

f lu id  ins ide  the reservoir i s  of t he  form pLaxsln . 
The par t icu lar  solution can be written i n  the  following form: 

Trigonometric subst i tut ions enable the  above solution t o  be written 

i n  the  following fom: 

where 

The constant coeff ic ients  A and B are determined by substi tuting the  

first expression f o r  the particular solution i n t o  the  differential .  

equation and then equating the coefficients of the s ine terns and 

similarly equating those for  the co&e terns, 

and B t h e  expression fop the par t icular  solution becomes: 

Hav5ng determined A 

/ s i n  (ut - e) 
may x;= 

R ”  

Where pt 

sure. 

is t h e  amplitude of the manometer input  fluctuating pres- m a x  
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The above par t icular  solution represents the steady state motion 

of the  manometer l iquid.  

f luctuating input pressure and lags behind the input f'unction by the 

phase angle 8 . 
amplitude, the amplitude of the steady s t a t e  motion depends upon the  

frequency w of the fluctuating input pressure and the length (L) 

of the f lu id  column corresponding t o  the  time average pressure. 

When the time average input pressure i s  large compared t o  the amplitude 

of t he  fluctuation about t h e  average, the  t o t a l  length (L) of t he  f lu id  

column corresponding t o  the  time average pressure along with the  square 

of the frequency of the pressure fluctuation can produce a la rge  

value of - '' wa. For I I the  par t icu lar  solution t o  

the  d i f f e ren t i a l  equation approaches zero. 

t i o n  i n  the manometer reading becomes small. 

manometer used i n  this investigation i s  discussed i n  the section deal- 

ing with discussion and conclusions, 

T h i s  motion has the  same frequency as the  

For a given manometer, manometer fluid,  and input  

3 3  
As a result, the fluctua- 

The behavkor of t he  

Correction and EPPOPS fo r  Rotating Probe Pressure Measurements 

I n  order t o  obtain the  t rue s t a t i c  and t o t a l  pressure d i s t r i h t i o n  

across one of the four blade passages obtained from a rotat ing pressure 

probe, the pressure measurements had t o  be corrected fo r  the centrifugal 

force effect .  

sure probe measurements t o  be considered are the  e f f ec t s  of shear  flow. 

The sources of  possible e r rors  for  the  rotat ing pres- 

Centrif'ugal Force Correction 

The centrifugal force correction f o r  both the s t a t i c  and t o t a l  
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pressure measurements can be obtained by applying t h e  condition of 

radidl equilibrium t o  a rotating column of air. 

flow model, t h e  following relationship between the pressure recorded 

fran a rotat ing probe and the t rue l o c a l  absolute pressure i s  as fol-  

lows : 

For the  incompressible 

where 

= the  t rue  local. absolute pressure PL 

pr = the  uncorrected absolute pressure recorded by the  manometer 

r = the  radius t o  t h e  probe inlet  

= the  radius t o  the or i f ice  i n  the  rotat ing pressure t ransfer  
P 

device 

fi = angular velocity of the  rotat ing probes 

Emor Due t o  Shear Flow 

The inducer blade wake shear f l o w  i s  a possible source of e r ro r  

fo r  both the pressure and flow direction measurements. The shear flow 

ef fec t  on t h e  wedge probe used for  measuring t h e  circumferential varia- 

t ion  of the inducer discharge relat ive flow direction i s  emsidered 

first. 

f e ren t i a l  acting upon the wedge faces divided by the dynamic pressure 

The wedge probe was calibrated by plot t ing the  pressure dif- 

of t h e  flow against the angle which the  probe m a d e  with the  oncoming 

flow [I"s'w - v s s  A ] .  The calibration of the  wedge probe was conducted 

i n  a wind tunnel where t h e  flow uas miform. The shear  flow e r ro r  
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arises because t h e  inducer discharge flow f i e l d  i s  non-uniform i n  t h e  

circumferential direction. 

acting upon the  faces of the wedge probe, the  flow angle obtained 

from t h e  cal ibrat ion curve is different  from t h e  t r u e  discharge flow 

direct ion for  any given radial and circumferential position. 

extent t o  which t h e  wake shear f low produces an e r ro r  i n  flow 

direct ion measurements depends upon the  r e l a t ive  flow t o t a l  pressure 

gradient and the  distance between t h e  pressure taps  on the wedge probe 

faces. 

For any measured pressure d i f f e ren t i a l  

The 

The second source of e r ror  due t o  the  shear f l o w  i n  the inducer 

blade wake involves t h e  displacement of the r e l a t ive  flow t o t a l  

pressure prof i le  from i t s  t rue  position. T h i s  i s  due t o  the circum- 

f e ren t i a l  t o t a l  pressure gradient a t  t h e  t o t a l  pressure probe inlet. 

I n  a uniform flow N e l d ,  the  effective center of pressure l i e s  on 

t h e  probe a s .  

displaced from the probe axis towards t h e  region of higher velocity. 

For t h e  inducer considered i n  t h i s  investigation the  error  due t o  the 

displacement of the  t o t a l  pressure p r o f i l e  is negligible because a 

m a x i m u m  displacement of one half the probe diameter i s  small  compared 

t0 t h e  wake width and t h e  s h e a r  gradient i s  small. 

Efit i n  shear flow t he  effect ive center of pressure i s  

I n  cases where t h e  probe displacement might be important, 

Lighthi l l  (6) has developed a theoretical  eq res s ion  i n  order t o  

correct  the measured velocity prof i le  assuming t h a t  the s t a t i c  pres- 

sure i s  constant. Lighthil l 's  expression f o r  the  displacement (6) 
of t h e  effect ive center of pressure from the probe axis  i s  i n  terms 

of the velocity (W) along t h e  axis of t h e  P i to t  tube, the outside 
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I C  

I 

I -  

diameter (D) of the cylindrical  probe and the  shear derivatlve 

( 3 ,, ). From dimensional considerations the non-dimensional 

functional displacement correction (+-I can be m i t t e n  as follows: 

w 

1 - 

a~ 

Lighthi l l ' s  analysis for  the displacement of t h e  stagnation 

streamline f'rom i t s  position a t  i n f i n i t y  a lso considers the "downwashW 

(secondapy flow component perpendicular t o  the undisturbed f l o w )  on 

the dividing streamline. His f i n a l  expression f o r  the  displacement 

As mentioned previously, the  error due t o  the  displacement of the  

t o t a l  pressure prof i le  fo r  this investigation i s  negligible d n c e  a 

ma.xAxum displacement of one h a l f  the  probe diameter is small compared 

t o  the wake width and the shear gradient i s  small. 
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111. EXPEEDBNTAL WQRK 

Atsparatus Used i n  the  Experimental Work 

Inducer 

To improve the suction specific speed of centrifugal impellers 

used i n  rockets and missiles, an a x i a l  f l o w  inducer is usually emplopd 

upstream of the  primary pump. The inducer test  f a c i l i t y  (bui l t  fo r  

t he  purpose of s t u d m g  the secondary flow phenomena) was employed 

for t he  purpose of correlating the results of rotat ing and stationary 

pressure probe measurements. The inducer test f a c i l i t y i s  shown i n  

Figure 1, The inducer has an unusually long f lu id  passage and hence 

fluid M c t i o n  effects dominate the whole flow f i e l d  and cause con- 

siderahle deviation in the flow from the  design values. The inducer 

was designed by G. F, ktislicenus and B. Lakshmbarayana (7), using 

the ktislicenus (8) method based on mean streaniline considerations. 

Important parameters of t h e  inducer are as follows: 

- Number of blades - 
€liab/tip r a t i o  (outlet)  = 
Tip diameter - 
Design value of flow 

coefficient ( in le t )  = 
Blade t i p  velocity 

fo r  this study - 
Blade chord 

Tip section - 
Mid-wm - 
Hub - 

- 

- 
- 
- 

4 
0*5 

36.0 inches 

0.065 

71.4 feet/second 

82-96 inches 
63.18 inches 
49.94 inches 

Rotating Probe Holder 

The s t a t i c  and t o t a l  pressure d is t r ibu t ions  of t he  relative flow 

were obtained with t h e  aid of a rotating pressure probe holder and a 
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The rotating probe holder w i l l  be discussed pressure t ransfer  device. 

i n  t h i s  section and the pressure t ransfer  device w i l l  be described i n  

the  following section. 

The probe holder, shown i n  Figure 2, is an alumfium cyl indrical  

disk and was fastened t o  the  inducer rotor  one inch behind the t r a i l i n g  

edge of t h e  hub blade section as  i s  shown i n  F!Lgure 4. 

was designed for obtaining pressure measurements across two blade 

passages, which are 180 degrees apart. 

t a i n s  twenty-two probe receptacles which serve t o  anchor the probes 

and t o  transmit the  pressure from the probe, through connecting tubing, 

t o  the  pressure t ransfer  device. 

The probe holder 

Eaah h a l f  of t h e  holder con- 

The twenty-two probe receptacles were spaced along a circum- 

f e ren t i a l  arc of 130 degrees as is shown i n  figure 3. 

spaced five degrees apart ,  comprise both ends of this 130 degree 

survey span and t h e  other f o u r  receptacles were equally spaced i n  

the  remaining 50 degree span. Although t h e  blade in te rva l  spans a 90 

degree arc ,  extra receptacles were included t o  obtain measurements in 

the  wakes of the  blades which form the f low passage, I n  the pre- 

sentation of the experimental. data, t h e  blade in te rva ls  have been 

c l ea r ly  indicated. 

Nine receptacles, 

Pressure Transfer Device 

The pressure t ransfer  device was designed t o  transmit the s t a t i c  

and t o t a l  pressures of t h e  relative f l o w  from the rotat ing probes t o  

a stationary manometer, 

transmitted through the probe holder, attached t o  the  rotor ,  t o  the 

outer housing of t h e  pressure transfer device sho-m i n  Figure 5. 

The pressure from the  rotat ing probes is 

The 
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pressure was then transmitted t o  stationary pressure leads,  inside 

a hollow shaft, through an annular space formed by the  outer housing 

and the  stationary shaft,, 

rubber rings. 

The annulap spaces were sealed by means of 

As a check of the accuracy of t he  pressure t ransfer  device, a 

s ta t ionary total. pressure probe was placed in the  axial  direction just  

i n  f ront  of the blade row,, 

pressure was added the  component of  the dynamic pressure which was 

associated with t he  blade speed f o r  the  given radial. position. 

relative f l o w  inlet  t o t a l  pressnre was compared with the  corresponding 

measured t o t a l  pressure obtained h.am a rotat ing t o t a l  pressure probe 

located approximately a t  the same e a l  and radial station. 

correcting the rotating probe t o t a l  pressure measurement f o r  the  

centr i fngal .  force e f fec t ,  the  two values of the re la t ive  flow inlet 

t o t a l  pressure were very close. The pressure t ransfer  device was a lso 

checked for  leakage between the  two chambers. 

To this measured absolute inlet  t o t a l  

This 

After 

Instruments U s e d  i n  ExpePimental k r k  

Total Pressure Ppobe 

A a d e  var ie ty  of t o t a l  pressure probe designs has been experi- 

mentally investigated Qy Gracey (9) t o  determine the  e f fec t  of the 

flow angle of attack upon the pressure sensed by the  probes over a 

Mach ntmbe~ range from 0-26 t o  ~ 6 2 ,  

g a t i m  are presented in terms o f t h e  senc&tivity range. 

The results of Gracey's investi-. 

The sensi- 

t ivi ty  range i s  defined as t h e  angular range at  which the  t o t a l  pressure 

e r ror  reaches a value of one per cent of the  t rue  impact pressure,, 
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Gracey' s results showed tha t  for simple non-shielded probes, 

the  sens i t iv i ty  range was found t o  depend on the  external shape of 

t he  nose section, the  s ize  of the impact opening (relat ive t o  the tube 

diameter), and the  shape o f  t h e  internal  chamber behind the  impact 

opening. 

tube having a cylindrical  nose shape, an impact opening equal t o  the 

tube diameter, and a 30 degree conical chamber) produced the  highest 

sens i t iv i ty  range (about 28 degrees a t  Mach number of 0.26) of any of 

the  non-shielded tubes, 

The best combination of these design features ( that  is ,  a 

The or iginal  design of t h e  t o t a l  pressure probes used i n  this 

investigation was based upon Gracey's conclusions. 

meter of the  t o t a l  pressure probes was 0.125 inches and the  inside 

diameter was 0,055 inches. 

Gracey was considerably higher than the  Mach numbers expected t o  be 

encountered in this investigation, T h i s  made it necessary t o  check 

upon Gracey's design conditi.ons, It was found tha t  fo r  a f l o w  with 

a Mach number of 0.045, an internal  chamber with a cone angle of 

60 degrees gave the highest sensi t ivi ty  range. The sens i t iv i ty  range 

was found t o  be * 18 degrees and the probe calibration curve i s  given 

i n  figure 6 .  

The outside dia- 

The lowes t  Mach number considered by 

Sta t ic  Pressure Probe 

A standard s t a t i c  pressure probe was used t o  obtain the  absolute 

f l o w  s t a t i c  pressure measurements for t h e  three radial positions. 

probe had a cylindrical  stem w i t h  a diameter of 0.040 inches., 

s t a t i c  holes, each having a diameter of 0,010 inches, were spaced 90 

The 

Four 



' I  

I -  

23 
degrees apar t  around t h e  stem circumference. The s t a t i c  holes were 

located 0.20 inches from the probe nose. 

When the s t a t i c  pressure probe was not aligned in the  direct ion 

of the oncoming flaw, its reading was highep than the true s t a t i c  

pressure, 

t o  t h e  addition of a dynamic component of pressure, it was necessary 

t o  caJAbPate the  probe. 

ference between the measured and true s t a t i c  pressure divided by 

the  dynamic pressure of the  f l o w  against  t h e  angle which the  probe 

made with the flow direct ion 

pressure probe used i n  this investigation, the  cal ibrat ion curve is 

I n  order t o  correct for the increased pressure reading due 

T h i s  was accomplished by plottjing the dif- 

V.5, A ., For the  s t a t i c  [" k""=" I 
as shown i n  Figurn 7. 

Wedge Probe 

A wedge probe was used in t h i s  investigation t o  obtain both the 

r e l a t ive  f l o w  statLc pressure d i s t f i l x t ion  and the  r e l a t ive  flow dis- 

charge angles along the  circumferential direction. 

and s t a t i c  pressure dis t r ibut ions were obtained f o r  the  three radial 

positions ( xr 
The f l o w  angles 

= 0.97'5B 0.797, O O % ) .  

The wedge probe had an included angle of 5.5 degrees and the 

wedge faces were O,3O inches long and 0.120 inches i n  height., 

s t a t i c  pressure holes on the  wedge faces Were O0Ol5 inches i n  diameter 

and located 0.20 inches behind the probe leading edge, 

The 

The wedge probe was calibrated f o r  f l o w  angle measurements. This 

was accomplished by plot t ing the pressure d i f f e ren t i a l  acting upon 

t h e  wedge faces divfded by t h e  dynamic pressure of the  f l o w  against 
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the  angle which the probe made with the oncoming flow r7 V.S. A] 
The wedge probe caPiba t ion  curve i s  given i n  Figure 8. 

The wedge probe was a l s o  used for  re la t ive  f l o w  s t a t i c  pressure 

measurements. 

acting on one of the  faces was recorded. 

wedge face was not papallel  t o  the flow (deviation angle = 2.7 degrees) 

t he  probe holes read the  s t a t i c  pressure plus a component of the  dynamic 

pressure, 

velocity o f  42 feet per second*, the  s t a t i c  pressure recorded by the  

wedge probe was larger  than the true s t a t i c  pressure by eight per cent 

o f  the f low dynamic pressure. 

The probe was rotated u n t i l  A P, = 0 and the  pressure 

I n  this casep since the 

It was found tha t  i n  the case of a uniform f l o w  with a 

Manometer Characteristics 

A micromanometer, manufactured by Flow Corporattion, was used t o  

obtain the pressure measurements i n  the  investigation. Water was 

ussd as the manometer l iquid.  In use, the height of a glass tube 

containing the manometer fluid was adjusted until the  l iqu id  meniscus 

was restored t o  the position it occupied before the  unknown pressure 

difference was applied, 

quired t o  res tore  the meniscrns to i t s  known position was read with a 

vemlepo micrometer calibrated direct ly  ia 0,0001 inch increments, 

accuracy of  the  micmmmometer i s  f O,S9 per cent of the minimin 

s t a t i c  pressupe measured by the  rotating wedge probe i n  t h i s  part icular  

experiment. 

The vert ical  displacement of this tube re- 

The 

* 
same osder of magnitude. 

TMs velocity and the  relative velocity of t he  inducer are of the 



Experimental Procedure 

The experimental portion of this investigation was directed 

towards obtaining t h e  s t a t i c  pressure, t o t a l  pressure, discharge flow 

angle, and velocity distritxltions of the re la t ive  flow across one of 

the  blade passages. 

also obtained elrperimentally f o r  the  same d a l  stat ion and three 

r ad ia l  positions. 

The absolute f l o w  s t a t i c  and t o t a l  pressures were 

The radial  positions were 1, 5 and 8 1/2 inches 

1 4  
I 
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from the  inducer hub (T/r- = 0,55, 0.77 and 0.97, respectively). 

A very th in  (0.003 inches thick) brass f l ag  mounted on the  t i p  

of the rotat ing t o t a l  pressure probe was used t o  align the probe i n  

the  r e l a t ive  flow direction. 

pressure probe with the directional f l ag  was accomplished with the 

a.id of a stroboscope high intensity f lash  lamp. 

ferential and padial position, the t o t a l  pressure probe was aligned i n  

t he  flow direction. 

relative flow angles were varying across the blade passage fo r  the 

t i p  and mid-radius locations, the &al distance from the  blade 

t r a i l i n g  edge t o  the probe inlet  was also varying across the  blade 

passage. 

was not Parge and the axial location of the t o t a l  pressure probes as 

shown i n  figure 4 was based upon the spacial  average relatSve f l o w  

discharge angle t o  be discussed later. 

The alignment of t he  rotating t o t a l  

For each circum- 

Since the probe length was constant and the  

As shown in Egure  12 ,  the  re la t ive  flow angles variation 

The re la t ive  f low s t a t i c  pressure, discharge flow angle, and 

velocity dis t r ibut ions across one of the  blade passages were obtained 

by using a wedge probe. 

5.5 degrees and was described earlier. 

The wedge probe had an included angle of  
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The wedge probe was mounted t o  the probe holder disk behind the 

The probe was then turned u n t i l  the  pressure rotat ing blade system. 

d i f f e ren t i a l  acting upon the wedge faces vanished ( i 9 e e  bisector of 

the  wedge angle aligned i n  f low direction). Upon disconnecting one 

of the manometer leads,  it was then possible t o  measure the s t a t i c  

pressure fo r  t h a t  given circumferential and radial location. 

be noted t h a t  preliminary wind tunnel tests have shown t h a t  the s t a t i c  

pressure reading obtained i n  t h i s  manner was l a rger  than the t rue  

s t a t i c  pressure by eight per cent of t h e  f l o w  dynamic pressure. 

correction was applied t o  all the measurements obtained from wedge 

probe. 

measurements for  t h e  t i p  and mid-radius locations. 

pressure measurements were obtained from rotat ing wall taps  located 

f lush with the  rotat ing probe holder disk. 

wedge probe gave reasonable s t a t i c  pressure measurements, the spacial 

average s t a t i c  pressure measurementsP t o  be discussed l a t e r ,  were 

compared with a theoret ical  curve based upon radial equilibrium 

and w a l l  s t a t i c  pressure measurements obtained 1.5 inches downstream 

of the rotat ing probe holder disk. 

sures i s  shown i n  Ngure 15, 

It should 

T h i s  

The wedge probe was used on ly  t o  obtain t h e  s t a t i c  pressure 

The hub s t a t i c  

As a check t o  see if t he  

T h i s  compaPison of s t a t i c  pres- 

I n  order t o  obtain the re la t ive  flow direct ion,  i t  was necessary 

t o  first obtain t h e  re la t ive  f l o w  velocity for the  given position. 

T h i s  was accomplished by applying the  centrifugal force correction 

t o  the t o t a l  and s t a t i c  pressures prevfously obtained. To obtain t h e  

r e l a t ive  flow direct ion,  t h e  wedge probe was placed i n  t h e  tangential  

direct ion and the  pressure d i f fe ren t ia l  acting upon t h e  wedge faces 



was recorded, 

flow velocity for  the par t icular  posit ion,  t h e  wedge probe cal ibrat ion 

curve was used t o  obtain the  flow angle with respect t o  the tangential  

direction, I n  order t o  check the accuracy of t h e  wedge probe calibra- 

t i o n  curve, the wedge probe for  a mid-radius location was rotated 

about i t s  ver t ica l  a x i s  until the pressures acting upon both of the 

wedge faces were t h e  same (A p, = O), 

respect t o  the tangential  direction corresponded with t h e  value ob- 

tained by using t h e  wedge probe calibration curve as described above. 

Knowing this pressure d i f f e ren t i a l  and t h e  r e l a t ive  

The direct ion of the probe d t h  

Poss ib ly la rge  flow fnterfersnee e f f ec t s  produced by the wedge 

probe holder and connecting tubing made it necessary t o  abandon wedge 

probe measurements f o r  t h e  hub location ( wt = 0,55), 

f l a g  mounted on the  rotat ing total pressure probes indicated t h a t  the 

r e l a t ive  dhcharge flow was i n  t h e  tangential  direct ion f o r  the  hub 

location, Absolute flow angle measurementso t o  be discussed l a t e r o  

indicated tha t  the  absolute flow was i n  the  tangential  direction. 

The direct ional  

The s t a t i c  and t o t a l  pressures of t he  absolute flow were obtained 

i n  the  following manner, 

placed i n  the absolute flow f i e l d  a t  the same axSal s ta t ion  and 

r ad ia l  position as the rotat ing probes, The s t a t i c  pressure probe 

was rotated u n t i l  the  minimum pressure was obtained, 

was the s t a t i c  pressure of t h e  absolute flow f i e l d  and t h e  probe angle 

and was used f o r  aligning the stationary t o t a l  pressure probe. 

aligning the stationary total. pressure probe wi th  the  angle previously 

determined, the  t o w  pressure of the  absolute flow f i e l d  was deter- 

mined. 

A conventional s t a t i c  pressure probe was 

This pressure 

After 

It should be noted t h a t  t h e  length of the  s ta t ionary total 
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pressure probe was determined af ie r  the  probe was placsd i n  the direc- 

t ion  of t h e  absolute flow. 

rotat ing and stationary t o t a l  pressure measurements were obtained a t  

the same axial location. 

discussed i n  the  section dealing with the discharge flow angles ard 

velocity triangles. 

This was done t o  insure tha t  both the  

The absolute flow angle measurements are 

Expepimental Results 

Rotating Probe Measurements 

I n  arder t o  correlate  t h e  rotating and stat ionary t o t a l  pressure 

meamr8311ents, i t  was necessary t o  convert the  total. pressure of the  

r e l a t ive  flow ( ps + 1 / 2  p $) t o  an absolute f i m e  of reference and 

derive tha eqqivalent total pressure of the  absolute flow ( ps + 1 /2  

The t o t a l  pressure data was e w e s s e d  as an equivalent non-dimensional 

absolute t o t a l  pressure d i s t p i h t i o n  by means of t he  f o l l o d n g  

equaean : 

v2>. 

where 

'Tab 

HR 

ut 

ve 

We 

is t h e  non-dimensional t o t a l  pressure of 
%he absolute flow 

is t h e  gage t o t a l  pressure of the  r e l a t ive  
flow 

i s  t h e  blade t i p  veloci ty  

is t h e  tangential component of the  
absolute d5 sc harge veloci t y  

is t h e  tangent$al. component of the rebatisre 
discharge velocity 
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The cfreuunferentid variation of' the absolute t o t a l  pressme coef- 

f i c i e n t  (cyT 

i n  Fygum 9. 

) was plotted for  the t h e e  radial posit ions and is shown 

The blade intervals are clearly indicated on the  graph 
ab 

and the  spacial average for  each absolute total pressups coeff ic ient  

(yT ) was obtained over the blade interval .  These values f o r  the  

three  radial posit ions wem correlated with the  s ta t ionary p ~ o b e  
ab 

measurement se 

The s t a t l c  precssure distPfht3,an is the  same i n  r e l a t ive  and 

absolute f l o w  for 8 given &%l and radial poaPt$rrn, The non-dfmm- 

~Lonal static precssnse coefficient is given as follows: 

UCS i s  t h e  non-dimensional s t a t i c  pressure 
c oeffi e% ent 

is the  re lat ive f l o w  gage s t a t i c  pressure 

is the  blade t i p  velocity 

After correcting for t h e  emm due t o  the  wedge probe picking up 

hS 

Ut 

a component of t h e  dynamic p~"esme, t h e  circumferential v%bp%ation 

stationary- probe meammments. 
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Stationary Probe MeasuPememts 

The stationary probe s t a t i c  and t o t a l  pressure measurements uere 

obtained using t h e  procedure described previously. 

probe t o t a l  pressure measurements (Y 
were compared with t h e  corresponding spacial  averages of the total. 

pressure dis t r ibut ion (7 ) f o r  one blade passage and i s  shown in 

Fpgnrre 11, me stationary probe s t a t i c  pressure measurements (y ) 
f o r  t he  t h e  radsal positions were compared with the corresponding 

spacial. averages of the  s t a t i c  pressure dis t r ibut ion (Ts) f o r  one 

blade passage and i s  shown i n  Fygure 11, 

The s ta t ionary 

) f o r  the three radial posit ions 
Tab 

Tab 

S 

Using the value of the  

rotat ing probe measurements as the base, the  per cent e r ro r  f o r  the  

six maasuremants i s  shorn i n  Figure 11. It should be noted t h a t  a 

posit ive per cent e r ro r  means that  the stattonary probe measurement 

was l a rger  than the  spacial average value. A detai led discussion 

of the e r rors  is dea l t  with in the next chapter. 

Discharge Flow Angles and Velocity Triangles 

The circumferential variation and spacial  average over one blade 

passage of t h e  r e l a t ive  flow discharge angles (@ ) from the  tangent ia l  

direct ion for the  three radial positiLonns is shown i n  f igure 12. The 

spacial  average r e l a t ive  flaw discharge angle i s  compared t o  the  

design blade angles a t  t h e  t r a l i n g  edge and is shown i n  Flgu~e 1.60 

After correcting the s t a t i c  pressure measurements, due t o  the  wedge 

probe picking up a component of t h e  dynamic pressare, the  spacial  

average of the re la t ive  discharge veloci t ies  was obtained f o r  each of 

the three radial po&t&ona, These valueso along with the  spacial  
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average of  t h e  re la t ive  flow discharge angles, were used t o  

the  inducer discharge flow velocity t r iangles  for the  three 

posit ions and, is shown i n  Figure 13. Included fn Figure 13 

determine 

radial 

are the 

discharge velocity t r iangles  based upon absolute flow measurements 

for the same axial and radial Pocation and the design discharge 

velocity t r iangles  are also given, 

between the discharge veP~cftytriangles derived from relative flow 

measurements and those derived h.om absolute flow measurements i s  

p~esented  i n  the nexb chapter, 

A discussion of the difference 

The discharge f l o w  angles of t he  absolute flow derived from the  

wedge probe was compared tjlth the measurements obtained from a s ta t ionam 

claw probe located a p p r o a a t e l y  a t  the same axial stat ion and i s  

shown In FYgure l k  

discharge angles were not large,  a claw probe would give meaningful 

information. 

of the errors in angle and s ta t ic  pressure measurements obtained frm 

the  wedge probe is given in the  next chapter. 

Since the  circumferential variations of the 

A c r i t i c a l  comparison of the r e su l t  and a discussion 
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IV, DISCUSSION AND CQNCLUSTONS 

The manometer fluctuation about the f l u i d  level corresponding 

t o  the  time average inptat pressure was shown t o  be the  par t icu lar  

solution of the differential equatdon govePning the manometer response. 

For a sinusoidal input  pressure fluctuation, the  manometer response 

where (L) i s  the  was shown t o  depend upon the value of 

t o t a l  length of" manometer fluid corresponding to the  time average 

input  pressure and (w) is  t h e  angulap frequency of the  pressure 

fluctuation. 

4 L o a  
38 

For the inducer considered i n  this investigation, t h e  max5mum 

pressare fluctuation was produced ty t h e  blade t i p  section (s/rt = 

0.975) and i s  shown i n  Figure 9. I n  order t o  obtain an estimate of 

the  manometer response, the total pressure fluctuation produced by 

the  blade t i p  section was represented by a s ine  wave with an amplitude 

of  approximately 0.075 inches of water and a fpequency of 30.33 cycles 

per second, 

t o  the time average input  pressure was approximately one foot. 

Neglecting the e f fec t  of the connecting tubing, equation (15) was used 

t o  calculate t he  amplitude of the manometer fluctuation which was 

found t o  be ,0004 inches of water, 

the  manometer fluctuation was ve~y small  and cannot be detected by 

the  manometer used in this investigation. 

served behavior of t h e  manometer l i qu id  column. 

The t o m  length of manometer f l u i d  (L) corresponding 

The predicted amplitude of 

Thiis agrees with the  ob- 

Generally speaking, it is poss ib le  t o  approximate a periodic 

input  pressure fluctuation by a sinusoidal or  noup of sinusoidal 
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pressure waves,, It can be concluded tha t  for small pressure 

fluctuations compared t o  t h e  time average value of t h e  input pressure, 

*? >>I, the amplitude of the manometer fluctuation will and when 

approach aero and the manometer w i l l  record the  t h e  average value of 

the  input pressure fluctuation. 

3 9  

The compparison between the stationary probe s t a t i c  pressure 

measurements and the  spacial  average s t a t i c  pressure measurements ob- 

tained o m r  one blade passage is presented i n  Figure 11, The reasons 

for the  difference in meamremearts f o r  the t i p  and mid-radius 

locations a m  as followst (1) the variation in discharge flow 

d h e c t i o n  caused the conventional s ta t ionary s t a t i c  pressure probe to 

record a component of the dynamic pressure; (2) depending upon the 

f'requmey and amplitude of  t he  fluctuating pressure and the probe 

character is t ics ,  the  stationary s t a t i c  presswe m y  register a 

pressure which is different  fpom the time amrage s t a t i c  pressape; 

(3) neglecting the  variat-lona of the turbulence level across the  

hlade passage, t h e  suspected high turubuPence PemP had a greater 

influence upon the  stationary p ~ o b  than upon the  po ta t l ag  wedge 

p ~ o b e ;  (4) 

four blade wakes dereaa the spacial average sta t ic  p ~ e s s a r e  obtained 

from the rotating wedge probe was based on one blade passage, I f  the  

f l o w  i n  

e r ro r  was introduced i n  the  stationary s t a t i c  pressure measurements8 and 

(5) since the s t a t i c  presswe rise was very Ermabl, any expepfnental 

e r ror  would have a s%gnlficant effect  upon the pressrnre measurementss 

The extent t o  whLch the  above error produebg effects are i n t e r -  

the  stationary static pressure p ~ o b e  was exposed t o  dll 

f a r  bpde passages was not ident ica l ,  an additional 

related agd t h e  Pack sf quantitative infomation c o n c e m g  the  
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turbulence leve l  make it impossible t o  discuss t h e  various reasms 

f o r  the observed difference i n  s ta t ic  pressure readings t o  any extent. 

Rotating wall s t a t i c  pressure taps  were used t o  obtain the 

r e l a t ive  f l o w  s t a t i c  pressure variation f o r  the hub location. As 

could be expected, the agreement between t h e  hub spacial  average 

s t a t i c  pressure and the stationary probe s t a t i c  pressure measurement 

was bet te r  than the  agreement obtafned fo r  the  t i p  and mid-radius 

locat ions . 
A major conclusion t o  be derived &om this investigation i s  t h a t  

i n  turbomachinery research, where t h e  f low direct ional  variation and 

turbulence l eve l  are s ignif icant ,  t h e  conventional s t a t i c  pressure 

probe located in t h e  absolute f l o w  f i e l d  will record a presswe greater 

than the  time average s t a t i c  pressure. 

The comparison between the stationary p ~ o b e  total pressure 

measurements and the absolute f l o w  t o t a l  pressure measurements de- 

rived from ro ta t ing  probes and averaged over one blade passage i s  

presented i n  Figure 11. The colnpaplpssn between t h e  absolute f l o w  

discharge angles derived from relat ive f low measurements and those 

obtained from the  stationary claw p ~ o b e  i s  presmted i n  Figure 14. 

The large difference i n  t h e  t o t a l  pressure coeff ic ients  (W ) and 

absolute discharge f low angles iC)o depfved f r o m  t h e  rotat ing probe 
Tab 

measurement and those obtained from s ta t ionmy measurements a t  t he  

t i p  and mid-radius location is due t o  inaccuracies o f  t h e  wedge probe 

used f o r  measuring t h e  s t a t i c  pressure and flow discharge angles of  

the  r e l a t ive  f l o w .  

F'igure 8, and f o r  angles of attack l a rge r  than ten degrees the e f f ec t  

The wedge p~obe  cal ibrat ion curve is shown i n  
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of flow separation on the wedge faces was l i k e l y  t o  introduce in-  

accuracies i n  the flow angle measurements. 

Any error  i n  calculating the veloci ty  mc to r s  of the r e l a t ive  

f l o w  due t o  incorrect s t a t i c  pressure and flow angle measurements is 

grea t ly  magnified by equation (19). T h i s  expression was used t o  

convert the re la t ive  f l o w  t o t a l  pressure measurements t o  the  absolute 

reference frame. An example t o  show t he  magnification of  d l  

experimental errors  i s  a s  followsr f o r  t h e  non-symmetric mid-radius 

veloci ty  t r iangle  shown i n  Flgure 13, the spacial  average r e l a t ive  

f l o w  velocity was increased & Nve per cent. As a r e su l t  of this 

change the absolute f low t o t a l  pressure coeff ic ient  ( 
Tab 

from the  r e l a t ive  f l o w  measuments, was decreased by 14.1 per cent 

) *  derived 

and the  derived absolute f l o w  discharge angle was increased by 16.4 

per cent. 

l a t i v e  f l a w  discharge angle would have a similar effect.  mowing 

%all  expapimental e m r s  i n  t h e  measuremeart of t h e  re- 

t h a t  smll q e r i m e n t a l  e r rors  are grea t ly  magnified, the  agreement 

between t h e  stationary probe t o t a l  pressure measurements and the  

spacial  average total pressures derived from rotat ing probe measure- 

ments fo r  t h e  t i p  and mid-radius locat ions is considered good. 

As was described previously, ro ta t ing  wall s t a t i c  pressure taps  

were ased t o  obtain the  re la t ive  f l o w  s t a t i c  pressure v&ation f o r  

t h e  hub location and the relat ive discharge f l o w  direct ion was shown 

t o  be in the  tangential  direction. As a result, the  calculations 

for the veloci ty  variation of the  r e l a t i v e  flow were accurate and 

good agrement between the stationary probe t o t a l  pressure measurement 

and the spacial average t o t a l  pressure derived from rotat ing probe 

measurements was obtained as  is shown i n  Figure 11. 
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A major conclusion t o  be derived f~om this investigation i s  t h a t  

if the  presswe fluctuation i s  small compared t o  the  time average 

pressure and the variation i n  f l o w  direction i s  less than the probe 

sens i t i v i ty  range, the error  between the measured t o t a l  pressure and 

the  time average t o t a l  pressure is mall. 

The inducer design ve loc i ty t r iangles ,  the  velocity t r iangles  

based upon relative flow measurements, and the velocity t r iangles  

based upon the  absolute f l o w  t o t a l  pressure and discharge angles and 

s t a t i c  pressure derived from wall s t a t i c  pressure taps  i s  shown i n  

Figure 13. 

mental. errors, the  discrepancies between the  stationary claw probe 

measurements of the  absolute f l o w  discharge angles and those angles 

derived from t he  relative flowmeasu~ements i s  not  as overwhelming 

as first it would appear. As mentioned above, these discrepancies 

i n  absolute flow angles as well as absolute f l o w  veloci t ies  can be 

traced back t o  inaccuracies of  t h e  rotat ing wedge probe used i n  

measuring the s t a t i c  pressure and discharge flow angles of the re- 

l a t i v e  flow. 

&om the above discussion on the magnification of experi- 

The major conclusion derived from this investigation is as 

follows: (1) i f  the input pressure fluctuation i s  small  compared 

t o  the t i m e  average pressure, the manometer would register the  time 

average input pressure; (2) f o r  flow f i e l d s  which vary i n  direct ion 

and have a high tu rh lence  level,  s t a t i c  pressure probe measurements 

are very inaccurate; (3) if the t o t a l  pressure fluctuation i s  small 

compared t o  the  time average total. pressure and the flow angle 

variation is less than the ppobe sens i t i v i ty  rangep the e r ror  between 

the measured to+& pressme and t h e  time average t o t a l  pressure is small. 
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Inducer with shroud removed 

______~ ~ 

~_______ ~~ ~~ 

Test assembly 

Figure 3.: Ekperimental Inducer Model 



FYgure 2:  Photographs of Rotating Pressure Probe 
Holder 



Section AA - Radial section through probe holder 
disk showing probe receptacle 

threads 

*325# dia. 

3'8"-24 1 
1/bn-28 4 

threads 

Figure 3 :  Retatled Drawing of b t a t i n g  Pressure probe 
Holder 
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f igu re  5 :  Photographs o f  the  Pressure Transfer 
Device 
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Figure 7: Static Pressure Probe Calibration Curve 
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F'igure 9: Circmnferential MstFiLntion of the 
Absolute mow Total Pressure Coefficient 
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The data qiven i n  Fig. 10 are based on the  stat ic  pressure 
measurement obtained with a rotating wedqe probe at  t ip  and 
midradius and vrith rotating wall piezmetor holes at  the  root. 
The fact that vsat the root is slightly higher than a t  the  
midradius indicates clearly that the aressure readtncrs are in  
error at  least at the mid-radius. See F i g .  15. 
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o f  c W 

- qJ3 = 0.1n 

Passage width 

0 20 40 60 80 100 120 140 

Circumferential. posit ion i n  degrees 

Figure 10: Circumferential D i s t r i h t i o n  of t he  
Stat ic  Pressure Coefficient 



Non-dimensional T o t a l  Pressure of the Absolute Flow 

Radial location Spacial. average Stationary probe Per cent dif= 
( r / r t )  derived from measurements ference 

rotat ing probe 
measurements 

0.55 

0 777 

0 975 

0.224 0.226 +. 09% 
0 270 0.3U +l8.80$ 

0.448 0.527 +17.60% 

Nandimensional Stat ic  Pressure 

Radial location Spacial average Stationary probe Per cent dif-  
( r / r t )  derived from measurements ference 

YzJ rotat ing probe WT 
measurements - ab % =  

ab Y T  

0.55 .l94 . 206 4 . 2 %  

0 777 191 . 233 +22.0$ 

0 975 2% . 291 +16.4$ 

figure 11: Comparison of t h e  Rotating and 
Stationary Pressure Probe 
Measurements 
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Probe Measurements 
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W ~ U  s tat ic  pressure measurements 

0 Spacial average value of the stat ic  
pressure obtained in the relative 
f l o w  

location(r/r%) 

Figure 15: Comparison of the Measured Static 
Pressures with a Theoretical Curve 
.Based upon Radial Equilibrium and 
Wall Static F’ressure Measurements 
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--- 
gent ia l  direct ion 

(3' = made angle a t  t h e  
t r a i l i n g  edge 

Q = S p a c i a  average 
r e l a t i v e  flow 
discharge angle 

Egure 16: Comparison of t he  Spacial Average 
Discharge Relative Flow Angles 
with the  made Angles a t  the  
Trail ing Edge 


